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ABSTRACT!  This  report  describee  soae  of  the  general  detlgn  features, 
both  eleotrloal  and  ■eohanioal,  currently  used  in  the  eoeetruetlcn  of 
internal  strain- ms  balances.  Arong  the  desi^i  features  discussed 
are  the  geoastrlc  shape  of  the  individual  ensuring  sections,  the 
plaoannt  and  bonding  of  the  strain  gages  to  these  sect  lone,  end  the 
wiring  elreults  used.  A  large  portion  of  this  report  is  devoted  to  the 
asthods  of  calibration  and  derivations  of  the  data  reduction  equations 
which  convert  rev  data  into  aerodynaalo  coefficients.  This  work  was 
oarrled  out  undsr  NOL  Task  K9b-133-1«5U. 
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This  report  la  one  of  a  aorioa  of  throo  vhloh  have  boon  prepared  for 
uso  by  peraonnel  or  organlaatlooa  who  viU  bo  ualac  the  fact  lit  it*  of 
tho  Naval  Ordnance  laboratory  for  developmental  vlnd-tunnel  tooting 
work.  Thla  report  deaorlbea  the  design  and  uea  of  Internal  itrain- 
gago  balanoea  to  obtain  aerodynaalo  dealgn  data. 

The  ayetaa  uaed  for  reoordlag  vlnd-tunnel  force,  aoaent,  and  proa  aura 
data  aa  received  froa  electrical  realatance  etraln-gago  balanoea  la 
deaorlbed  In  referenoo  (a). 

Reference  (b)  oontalna  a  general  deaorlptlon  of  the  vlnd-tunnel  plant 
and  fao  lilt  lea,  teatlng  procedurea,  and  general  adalnlatratlve 
Infonatlon. 

The  authora  vlah  to  aeknoeledfo  the  effort*  of  the  aany  Naval  Ordnance 
Laboratory  poraoonel  vhoee  work  haa  been  Included  in  thla  report  and 
particularly  the  original  work  of  Dr.  0.  L.  Shue  In  the  developaant 
of  the  Internal  atreln-gago  balanoea. 

JOHN  T.  HAYWARD 
Captain,  UBM 
Coanander 


N.  R.  XUWB,  Chief 
Aeroballlatlo  Beaoareh  Departaont 
By  direction 
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I4  tow  i wpaaa  of  ttii  rtyrt  la  to  mmito  tot  raalar  vito  tot 
llwtol  ttotlHMt  toltow  tototofm  Ml  tWItto  atuipawl  aa  ttogr 
in  ramlli  wm<  far  vial  to— I  intotlpUtoi  parftraal  la  tot 
MkdtON  toWtoliimn  twill, 

••  IMwl  itoUtojjt  tolwti  tort  tota  la  «aa  la  tow  via* 
toaaala  to  tot  tonal  ottowaa  lattoratwy  far  aaaa  tin,  Tat  trial  atrala- 
IW*  tolwtt  ham  a  a^ar  at  vary  Aaflalta  tortona,  aa  aawtarai  to 
atonal  aaakaalaal  toltant,  la  ttal  tov  ara  aaapaat,  aava  aaaaltlva, 
flva  atatlllaal  taailap  aab  aara  nplllti  altoito  raaulra  tora 
raailaga*  tola  la  (trtlnltrlr  totlMklt  la  aa  latatalHart  laatoUatlaa 
arto  aa  la  la  aaa  at  tow  total  (it I . . 


M  -  toah  aatoar 


t  ■  la*to  ycaaaart  (pal)  ■  1 /Bp*8  s  1/lWt 
p  ■  teaaltgr  of  atraaa  (aluaa/ft^) 

▼  ■  ftraa  atraaa  nloaiHr  (ft/aas) 

(1)  Taata 

S  .  «m  fora#  (paaala)  (vial  aaaa) 

7  •  aalal  ftnt  (pawla)  (to  1  aaaa  aaaa) 

L-  lift  favaa  (pawla)tvlal  aaaa) 

X  ■  Utonl  or  jm  foraa  (pawla)  (tolaaaa  ana) 
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Symbol*  (continued) 

(2)  Moment* 

■  rolling  moment  ( inch- pound* ) 

M ym  yawing  moment  (inch-pound*) 

Me  ■  pitching  moment  (inch-pound*) 

(3)  Reference  point*  (station*  along  balance  axis) 

Xc  _t  -  7  ■  center  of  gravity  location  (reference  for 
***  pitching  and  yawing  moments) 

Xe<pa  ■  center  of  pressure  location 

Xo  ■  electrical  center  of  gage 

Xi  ■  electrical  center  of  forward  pitching  moment  gage 

X2  ■  electrical  center  of  aft  pitching  moment  gage 

X3  ■  electrical  canter  of  forward  yawing  moment  gage 

Xi*  »  electrical  center  of  aft  yawing  moment  gage 

X7  ■  electrical  center  of  axial  force  gage  acting  a*  a 

pitching  moment  gage  (interaction) 

Xg  ■  electrical  center  of  axial  force  gage  acting  a*  a 
yawing  moment  gage  ( interaction) 

Annular  Orientation 

a  •  angle  of  attack  (degrees)  (pitch  plana) 

9  ■  angle  of  roll  (degree*)  (angular  displacement  in  plane 
transverse  to  balance  axis) 

Y*  angle  of  yaw  (degrees)  (yaw  plans) 

Reference  Dimension* 

(1)  Ml** lie 

A  ■  cross-sectional  area  (inch8) 
d  ■  nominal  body  diameter  (inches) 
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Symbols  (continued) 

(2)  Aircraft 

b  ■  vine  epen  (inch ee) 
e  ■  wing  aeen  aerodynamic  chard  (inches) 
s  ■  vlng  area  (laches)2 
Aerodynamic  Coefficients 

Ca  ■  axial  force  coefficient  ■  P/q.S 
Cd  ■  drag  force  coefficient  ■  D/q.8 
Cl  ■  lift  force  eeefflelant  ■  L/q.S 
Cg  ■  nonal  force  coefficient  ■  R/q.8 
Cy  ■  yaw  force  coefficient  ■  T/q.8 
Cp  m  rolling  sassst  coefficient  • 

yawing  aoMat  coefficient  ■  Mp/q.S.d 
Cg  a  pitching  aosMit  coefficient  •  Kg/q.B.d 


Operating  Principle  of  the  Internal  Strain-Cage  Balance 

It.  The  principle  of  the  Internal  strain- gage  balance  la  a 
relatively  single  one.  It  la  asrely  a  cantilever  bean  with  epaclally 
deel#Md  cross-sections  which  are  acre  aeasltlva  (deflect  nuoh  acre)  to 
eaa  type  of  leading  than  to  any  ether  leading.  The  ideal  condition  la 
a  flearare  aeetlca  which  will  deflect  only  for  the  loading  to  be  asaaured. 
Xn  practice,  it  la  alaoat  impossible  to  deelgn  and  build  a  balance  which 
la  totally  free  of  interaction.  Procedurea  and  aathada  for  dealing 
with  theee  Interact  Iona  are  presented  la  aueeeadlng  paragraphs,  bach 
of  the  lead  stoning  flexures  converts  the  physical  stress  it  picks  up 
late  an  electrical  sl&jal  by  wans  of  strain  gages  which  are  bended  to 
the  natal  at  tint  location. 

5.  The  chongs  in  resistance  dua  to  daflaetlcn  of  n  strain  pge 
la  very  mall.  Ths  resultant  psreontaga  change  in  voltage  across  the 
gaga  would,  therefore*,  likewise  be  vary  snail,  and  difficult  to 
nsaewre.  however,  by  the  use  of  bridge  circuits,  It  la  pass  lb  la  to 
balamt  out  the  Initial  voltage,  aid  to  bare  the  mall  change  produced 
lad  lento  aa  an  absolute  change  which  can  than  be  manured  with  aoderetely 
sensitive  Inatrunmts.  The  other  three  arm  of  the  bridge  could  be 
fixed  rmlstences,  but  by  arranging  other  strain  gages  to  be  used  as  the 
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of  ttt  teUc*i  it  la  faaattla  to  totala  fat  Man  toe 

WIiiwh,  olaoe  all  ppoe  m  m«m  eloaa  toaster 


tto  laHoatloa 
off  oeta  of 
Ulntii  to 


tolaaaaa  ueeO  at  tto  ami  Ova 
Feelllty  oaa  aka  four  an  am 
art  toeerltoi  la  tto  foil— lag 


A— to  i  111  at  la 


fyvlaal 


PlUklac 


Xtolag 


6.  Itova  la  rigtaro  l  la  a  typlaal  aaatlaa 
plteklac  aoaoat  ead  7m  lac  aaant 
eroee-aeetlea  of  tto  pltoh  or  ym 
ouKltulo  of  tto  aanal  or  MW  fa 


torn  vtll 
>*  tto  flat 


Wlr  to  all  of  tto 


7*  A  pitot  force*  t,  applied  to  tto  tolaaaa  aa  toon  la  Flforo  8A* 
will  otojoot  tola  aoatloa  to  a  toatlap  nto*  Zf  ttooo  ppa  aro 
ooaaaatal  olootrloalljr  aa  toaaa  la  Flfaro  to,  vlto  a  ftoaatlal  »  applia 
aaroaa  10UU  j  oal  X  ao  toltapo  dlffaraaee  *111  appear  aaroaa  palate  A 
aa*  B  if  all  af  tto  rooiotoaaoo  an  o«tol  la  tala*.  Vito  a  toallac  an 


A*  Zf  ttooo  pp*  an 
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lA.  A  photograph  of  a  eix»coapooeat  balenc#  used  In  dsvolopnemal 
tasting  la  presented  In  rigure  9.  Tho  axial  aoetloa  In  thla  balanee 
utllliM  tho  parallel  two  brldp  circuit. 


Mount  Inc  «f  B4  Bakellte  Strain  Oeges 

1).  Tho  efficiency  of  o  balance  dopondo  to  a  largo  oxtont  on  mo 
proper  application  of  tho  strain  gogoo.  Therefore,  groat  oaro  aust  bo 
taken  in  preparing  and  c— it  tug  tho  strain  pps  to  the  flexible  asMbors 
of  tho  balance.  A  good  bond  will  facilitate  balancing  of  tho  eonplste 
bridge  circuit  and  help  to  roduoe  tonporaturo  effect  to  a  alnlaun. 

16.  leeh  bridge  circuit  should  ocataln  four  aatohad  strain  gages. 
Those  gegos  aust  bo  equal  la  resistance  to  within  one  l noth  of  an  ofan 
and  contain  tho  sane  gage  factors 

Oage  factor  0  ■  AD  /AL 

R/L 

where  A  1  Is  the  change  of  the  uaetralasd  resistance  I  produced  by  an 
lncrmc nt  la  length  A  L  on  tho  original  length  L.  Zn  the  event  not 
enough  notched  strain  gsgss  ere  available*  tho  strain  gegee  of  two 
adjacent  eras  should  be  notched. 

17.  Before  aeaesMjr*  tho  Inactions  of  tho  gegee  should  be  laid  out 
carefully,  end  tho  gegee  ahould  be  trlaned,  if  neoossary,  to  peralt  then 
to  fit  tho  space  available.  Care  should  be  taken  not  to  Senega  the  grids 
of  the  pgoe.  The  eurfaees  on  which  the  pgos  ere  to  be  notated  should  be 
roughened  slightly*  by  scraping  with  a  sharp  knife  or  ether  tool*  and  man 
cleaned  thorouply  with  bene  las,  followed  by  pure  grain  alcohol*  and 
finally  with  acetone.  Tbs  pgos  also  should  be  cleaned  thoroughly.  After 
drying  carefully*  oaro  ahould  ho  taken  to  avoid  touching  tho  curfaeoe* 
until  the  eenont  Is  applied, 

10.  Za  preparing  the  eenont  for  use  an  activator  is  addod  to  It 
a a  It  cents  fron  tho  tube  isrfcil  tho  proper  eenc latency  is  obtained. 

This  nurture  is  than  applied  to  tho  surface  of  the  natal  and  also  to  tho 
back  of  the  pp.  The  gage  le  than  placed  on  the  natal  never  exerting 
nore  than  light  contact  pressure  (finger  contact  Is  sufflclsnt).  The 
gsp  Is  than  vary  lightly  c leaped  ia  piece  eel  baked  in  on  oven  at 
22OT  for  a  period  of  two  to  four  hours, 

19.  After  assesfcly  and  before-  wiring*  each  strain  gego  should  be 
cheeked  for  Insulation  resistance.  Beck  pp  should  haws  no  lees  than 
10*000  aegohne  between  tho  pld  loads  and  group.  After  virita*  they 
ahould  be  ohoohsd  spin  and  the  total  leeulatlca  resistance  should  bv  no 
lees  then  1*(n0  aegohne  to  ground. 
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Beteralaatlca  of  Br idge  tthnlan m 

80.  9mm  in  Wo  Wli  irtMi  la  use  for  ladleatlag  tho  ■«*»'««« 
which  iffian  serosa  the  itnWpn  bridge.  Tho  f irot  artM  U  shown 
la  figure  (A.  Za  this  aothod,  tho  lap*  tocalaala  of  tho  bridge  (J  on)  K) 
•ro  ohuatod  Ojr  tho  oai  c— oitl—  of  a  potoatioaotor  typo  variable 
resistance.  tho  illlor  la  noirtil  to  oaa  of  tha  othar  toralaala  t brow* 
a  oaUbratloa  roalataaeo  (B«).  Whoa  tho  bridge  la  aMoneol,  by 
application  of  a  loaf  to  tho  to  law,  tho  output  voltage  oaa  to  reduced  to 
■are  ty  aovlag  tho  slider  oa  tho  potoatioaotor.  tha  aaooat  of  aotloa 
required  la  depanAoat  oa  tha  olio  of  tho  load  oat  tho  talaa  of  tho 
oallhcatloa  roolataaoo  (B«).  tho  anil  ooatltloa  oaa  to  lotor  alaoil  to 
within  oao  alerovolt  tgr  nalag  aa  oapllflor  ohoatoO  aorooo  tho  output 
toralaala.  tha  awl  If  lor  oaa  to  eomotal  to  aa  jadleatlM  aotor  to  ahew  a 
anil.  Nora  ueually  too  or  or,  It  la  ooanaotoO  to  a  serve  aotor  which 
autoaatlaallp  drives  tho  alitor  of  tho  potoatioaotor  W  a  anil  point. 

81.  tha  ooooa*  aothoi  la  Okam  la  flpro  SB.  la  thla  eyetea  tho 
voltage  uMhalanoo  la  "hooted  oat*  tgr  oa  equal  oai  oppoolto  voltage  to 
Ottala  a  anil  roailaf .  tho  nnowt  of  oorlatloa  of  tha  allior  pooltloa  lo 
iopoatoat  oa  tha  wains  of  lo  la  oar  loo  with  tho  "Woking”  voltage  supply. 

Za  tho  flrot  syotca,  tha  roaflag  of  tho  ollior  ilal  la  laliial  .at  of  tho 
voltage  applied  to  tha  bridge,  this  la  alao  true  of  tha  oaooai  ayotoa  if 
tho  bridge  aad  "booking"  voltogoo  are  opal  or  vary  proportionally,  tho 
flrot  ayotoa  lo  woffaotod  la  oalXtrabloa  Ip  oar  filters  applied  aerooo  . 
tho  bridge  output  or  oapllflor  toralaala.  ■orator,  those  flltaro  nay 
give  tie#  to  larva  prthlaaa  oftaoe  thtp  boooao  port  of  tho  regulatory  loop. 
Za  tha  ooeaad  ayotoa,  tho  hphw  of  tha  filters  any  conceivably  lead 
tho  bridge  aad  abaago  tha  aollbeotloa,  but  thap  would  net  bo  part  of  the 
regulatory  loop* 

82.  Maaaal  data  roonNIng  la  pan  roily  tahoa  with  a  hOO  cycle  bridge 
onpply,  oorvo  oartroLUd  rooorilag  la  tahm  vlth  SO  eye] a  bridge  supply, 
tho  oorvo  drlvoa  bolaaoo  dotootlai  ayotoa  la  adaptable  to  autcaatlo 
recording  of  data  oa  punched  carlo,  thlo  pita  la  ganrally  uoad  at  tha 
■aval  Ordaaooo  laboratory  vial  tuanla  to  Ugrowo  aeeuraey  at  traaoerlptiea. 
A  photograph  of  thla  ogulpaart  lo  ohona  la  figure  7.  Details  of  tho 
procedures  rood  for  oallbrabloa,  toklag  of  data,  aad  cioaputatloa  tochnlquoo 
in  daoorfbsd  la  tha  art  aaatlaa  of  thla  report. 


CaUbratloa  fpooodwroo  aad  Orta  ■oduetloa  atuatioas 


23.  CaUbratloa  of  aa  lad  wool  atrilwgaga  bnlaaea  com  lata  aainly 
at  applying  to  tho  balance  elallar  lands  as  would  bo  oaooWrod  la  tha 
vial  tunas!  tost,  laoh  bow  wit  la  calibrated  separately.  In 
calibration,  tho  velvets  aad  loading  stations*  are  known  aai  froa  those 
tho  »]|o  ooaotoato  ooa  bo  dotoralaod. 

ah.  Za  tho  ouoooodlng  porogrogho  tho  oaUbratloa  techniques  aad  data 
reduction  of  Vatican  for  oaeh  oapaat  are  paged  together,  each  ooetioa 
ootelalag  tho  owlato  proooinro  for  oao  eowawt*  Ale  lacludoo 
oaUbratloa  toohalfuo,  derivation  of  data  rod  aotloa  squat  loan,  and  Inter¬ 
act  loa  oquatloao  If  applicable. 
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Calibration  of  Pitch  lac  and  Tawing  Mo— nts 

29.  Ths  calibration  procedure  for  pltchlac  aonit  and  Taw  lac  nonent 
la  exactly  tha  aaaa.  Tha  Internal  steal  n»gage  halaaoaa  uaad  la  tha  VOL 
ho  x  hO  ea  Aerefealllstles  T— la  •— Ooy  tha  two-— nt  aathod  for 
dataralnlac  norml  or  aid#  farcaa.  Therefore,  It  will  ba  aufflclaot  to 
par— a*  tha  proeadura  for  00 Igr  one  nonent  pi*. 

26.  Tha  actual  calibration  proeadura  can  ha  broken  up  Into  throw 
stupe  In  tha  follow  lag  —art 

(a)  Tha  balance  and  at  Inc  1»  aouated  la  a  dividing  head  la  the 
aaaa  position  that  It  will  oooupgr  la  tha  tu— el,  i.e.,  positive  ancle  at 
attack  up  and  tha  balance  la  leveled. 

(b)  An  arbitrary  ref  erenow  point  Is  ehoaan  an  thw  balance  froa 
which  the  electrical  esntar  of  thw  cage  own  ba  defined,  a  vary 
convenient  aathod  of  doing  this  la  to  — t  tha  aodwl  body  on  tha 

In  tha  seas  poaltlon  as  It  will  bw  In  tha  tuonal.  This  dlrwetly  relates 
thw  electrical  esntar  of  tha  ms  to  scan  arbitrary  point  cn  the  aodwl,  l.e., 
base  of  tha  aodel. 

(c)  Calibrated  vwl*xts  are  applied  to  ths  balance,  via  — 4el  or 
calibrating  body,  at  defined  locations.  Tha  change  In  resistance  of  tha 
strain  gagas  at  tha  nsasurlng  east  Ion,  dua  to  tha  applied  load,  is  raoordad 
by  tha  strain  Indicator  equlpa—xt  for  saoh  lairnraW  of  load  applied.  Tha 
strain  lndloator  equip— nl  yields  tha  change  la  resistance  la  units  of  dial 
divisions  (am)  and  is  related  to  the  actual  sonant  by  ths  equation, 

N  -  H  (X  -Xe)  ■  X  (AH) 

where 

N  •  —at  (inch* lbs) 

X  ■  nonal  force,  know  weights  (lbs) 

K  ■  gags  constant  (Inch- lbs /dial  division) 
electrical  cantor  of  gaga  (la.) 

X  ■  point  of  application  of  load  (Inch) 

AK  ■  dial  divisions  of  deflection 

27.  With  the  known  weights  hung  at  a  known  distance  free  the  reference 
point,  the  factor  K  — y  be  determined.  Below  is  shown  e  plot  of  the  AH 
vela—  recorded  when  known  weights  are  hwg  at  various  static—  along  the 

X  axis  (body  orris). 
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/A/, 


The  point  along  the  axle  vhere  the  strain  la  aero,  la  the  electrical 
canter  of  the  gage.  The  electrical  center  and  the  geaawtric  center  of 
the  (aces  any  not  coincide.  Thla  my  be  due  to  the  aaoner  la  which 
the  gagae  are  aounted  or  it  nay  be  a  mechanical  characteristic  of  the 
balance,  or  a  combination  of  both.  The  earn  procedures  apply  for  yawing 
aoaant  loads  that  apply  for  pitching  lament  loads.  The  only  difference 
being  that  the  balance  is  rotated  90  degrees  counter-clockwise  (looking 
forward  froa  bane  of  model). 

/ 


let 


Determination  of  Callbtation  Constants 
(Pitch  and  Yaw) 


nj(x-x<)  «k(ah; 
=  X  -  Xe 


X-Jl(AH)  *XC 


-tt 

Xt 


I 


X  m  loading  station 
Xe*  elec,  center 


$  w  *  i 


(l) 
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Multiply  aquation  (1)  toy  X  and  by  I  to  obtain  a  pair  of  alaultanaoua 
aquations:  «a  bara: 

Taking  lunations: 

(■^)£xy-(g;)2Y*  *2Y  (» 

ty  dataralnanta: 


ZX  -I*Yj 

JL 

IY  -iY1) 

-ax  iy*  +  iY  1XY 

xc 

1**'  -2KYI 

|2xr  -*Y1 
*x‘  stx 

-ix^^YN  (ixy)* 

K 

|lXY  1Y 

2X>  Z Y  -  XX  iXY 

Xe 

**•  -rxv 

-*X*-*Y*  +  (ZXY)* 

*XY  -*Y' 

K 


2X*  £Y  -£X'iXY 

-zx^zy'^xy)1 

-iX'iY*  +(SXY)e 

—  M 

-2X  XY'+iYiXY 
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•Mint  aquations  (8)  ud  {9)  «•  taY# 

".-M,  *  N  {xm  —  x,  ♦  *,  _Xt  , 

■olrla*  for  N 

N  *  MlzHu 

x. -xf 

Kqpwsaiaf  Ife  and  in  tha  fan 

M,  -  K,  (AH)t 


(U) 


(12) 


Kg(AH)f 


■’••■tttutla*  into  aquation  (u) 

N  ■  -  -*■<•*«), 

*  X,  -  x* 

la  cooffloloot  farn 


CM  .  __ 


(13) 


(14) 


(15) 
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SolTiac  for  the  pitch  lag  aonut  et  the  o  enter  of  gravity  (»e  ), 
substituting  equation  (11)  Into  (10). 


using  equations  (12)  sad  (13) 

snwresslng  H  f  In  coefficient  form  according  to 


zC.  f'S'd 


far  ease  of  handling  la  ON  reduction,  equations  (19)  sad  (10)  aqr  he 
txpreeeed  in  the  fora 


Ch  «  -  An(AH),  (19) 
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C#  '  *•(*>*'  +  A,CAH), 


(SO) 


vtaort 


A*  .  . — K i _ 

I  s  (*>-Xg)  »  9 

?^Cx,-Xp) 


Thoeo  coneUats  will  shton  only  with  u.„v 

••naltlvlty.  A  U„^!h  au-"r  •®a/or  a  chun  m 

■o*nt  la  th.  y.w  SS,  Sl^S  JJJJ*  “  to  f  **  ^h.  f£2\S 


Cr  =  »v(ah)4  _  Ay(A»)f 


(Si) 

cy  --  ay(4H)4  - 

(SS) 


vhrnro 


*  - Kl _ 

*s(x»-x4) 


3’5(*,-x4; 


?-5*d 


Ik 
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80.  Zf  a  load  la  applied  to  a  aodal  la  am  of  tha  wfaraw  pianos 
aad  tha  strain  lndloatora  record  forces  la  a  aaoool  rafaraaoa  plane, 
angularly  dlsplaood  90  depose,  the  indicated  foroaa  recorded  la  tha  saeood 
plana  ara  sailed  iataraetloas.  Aa  lataraatlaa  oan  ha  oallbratod  aad  rawed 
froa  tha  data  la  tha  reduction;  or  it  oaa  ha  partially  or  ewplately 
waved  hgr  electrical  ahvatlag.  Xataraatloaa  of  pltoh-oa-yaw  ud 
grow»on<plteh  oaa  always  ha  oatlrelgr  rawed  alaotrtoaUy.  Interactions 
ara  usually  oauaad  by  aa  laparfaot  slip— it  of  tha  atraia  pgse. 

Th a  aiaallp— t  aay  be  due  to  the  xaahlnlng  of  tha  halaaaa  or  to  tha 
awHlag  of  tha  atraia  gages.  nteh  and  yaw  mai  oaa  ha  allpad 
olaetrloally  (90  dspsss  apart)  hgr  f Iret  placing  tha  nodal  m  tba  halaaeo 
aad  larailag  it,  aid  sacoofl,  planing  afual  raalataaaaa  la  parallal  with 
two  adjaaaat  ana  will  hr  lag  tha  Whaatatoaa  Bridal  lata  a  11  paw it,  aa 
ahaaa  la  Figure  8.  Tha  value  of  tha  raalataaaa  and  tha  paaltloa  of  tha 
shuts  ora  iotomlaad  sxpsrlaxntally.  Bines  thaaa  latoraetlooa  ara 
alllwtad  tha  grdblsn  of  data  raduetioa  la  redueed  to  tha  alpla  fora 
daaarlhai  show. 


Axial  Peraa  Callhratloa  aid  Baduetlon 

89.  Za  tha  aallhratloa  of  aa  axial  foroo  halaaaa,  tha  laoroaaata 
of  load  ara  along  tha  longitudinal  axis  of  tha  halaaoa.  Aa  axial 

•alXhratloa  la  parferaad  with  tha  halaaaa  aouated  vertically  lavolad 
la  thla  paaltloa.  Tho  laarowata  of  load  ara  agpllad  and  tha  atraia 
lad  loot  or  doflaotloaa  ara  raoordad.  Tha  indicator  raadlnp  art  rolatod 
to  tha  axial  foraa  hgr  tha  agwtloai 

F  *  Ka  (AH)4  s  C*  •  f  •  S 

(83) 


Ct  »  Jli-  (AH)* 

(8%) 


X*  ■  pouxds/dlal  division 


To  detendne  Kg  fro*  calibration 

K*  , 


/TV 


(83) 


vharai  aa 


uaad. 
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Pfmtloo  of  Axial  Few  laUnctlcw 

30.  Interactions  on  axial  foroa  arlaa  fren  tha  condition  or  tba  axial 
foroa  aaga  noting  aa  a  pitching  and/or  yawing  aonont  gaga  la  addition  to 
Measuring  loogltudlaal  foroa.  Thsso  Interactions,  for  halaaoaavhleh  tarn 
tha  dx«g  link  looatad  laalda  of  tha  nodal,  arc  of  tha  ordar  of  om  to  thraa 
paroaot.  Tha  fora  of  tha  pitch  lataraetloaa  on  axial  foroa  la  aiallar  to 
that  of  tha  yaw  lataraetloaj  thorofero,  aa  aaalyala  for  only  pitch 
lataraotlona  la  aufflolant  to  lUuatrata  tha  aathed.  Tha  eondltlona  of 
ooablnad  loading  oonalatlag  of  a  nonal  load  and  an  axial  load  oaa  ba 
lUuotratad  la  tha  following  diagram 


wharat 

f  m  axial  foroa  (lbs) 
I  -  nonal  foroa  Oho) 
Xo.p,  ■  cantor  of  praoavra 
location 

Z  a  o.g.  location 
X<ja  aloe,  eantar  of 
axial  gaga  aotlag 
aa  a  pitch  aon. 


-Kj  (26) 


Tha  otrala  Indicator  roada  tha  total  offaet  of  hath  axial  foroa  and  pitch 
Intaraetlonj  therefore. 


AHr  *  AH*  *  A  Mm 


(27) 


AH;  -  total  rood  lag 
AH*  ■  axial  foroa 


Ahn 


Interaction 


•train  lndloator  raadlnga  (AH)  ara  ralatad  to  tha  eonponont  foreaa  and 
by  tha  following  aquations 


F  .  (*«,,) 


m 


My  5  K7  (A  l(Mj 


(29) 
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*aan waging  aquation  (27)  and  aubctltutlnc  in  aquations  (26)  and  (29) . 


AHt  -  My 

K? 


Using  ttaa  ralationshlp  sxprssaad  la  aquation  (26),  vs  hara 


(30) 


T?<  ■  4Mt  -  -  $-  <*-*0 

*7  Ky 

Ixprsssing  tha  fores#  and  Manat  in  eoaff  lelant  fan  aeeor4ing  to 

F  •  Cg  •  f  •  S 
*  C#  •  J 

N  «  Cm • f • 5 


(31) 


(32) 

(33) 
(3V) 


solving  for  CA 


C„  •  t)  -  c,  d(Jj±)  -  C*  ft-*,)**  (J6) 

*  *  ^7 

Psrfonlng  a  aiailar  analysis  for  tha  oonbinad  conditions  of  ysv  load  and 
axial  load,  va  hara 
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For  the  general  combined  load  condition  where  pitchy  yaw,  and  axial  fore* 
loads  ara  appliad;  aquations  (36)  and  (37)  ara  combined  and  tha  final 
reduction  aquation  becomes! 


c. 


-  c. 


-C„  -CvOf-x^)^  m 

w  -  c»-<fc) 


whara  A  Br  contains  nonant  components  dus  to  pitching  and  yawing  moments. 
For  simplification  and  aass  in  IBM  raduotion,  aquation  (36)  say  ba  vrlttan 


C*  *  A*  (AHt)  -Sh'Ch  —  Sv  *Cy  ”§a*C*  —  S|fr  'Cjd*  (39) 


whara 

A  -  -&» 

**  -  9.5 

-Xt)  j  5r  *  “kJ  Ck  -  X.) 


Sq  a  d  «  Kg 


•  5f  Bd 


Tha  "8"  constants  do  not  change  throughout  tho  entire*  tost,  l.a.,  changes 
in  Kg  ssnsltlvlty  also  chanson  K7  and  Kb  in  oqual  proportion.  Tho 
constant  (A*)  will  change  with  Mach  number  and  sensitivity  of  tha  axial 
force  gsea. 


Rolling  Moment  Calibration  and  F eduction 

31.  In  performing  a  rolling  moment  calibration,  it  is  necessary  to 
usa  a  special  rolling  moment  rig.  This  rig  consists  of  a  clamp  which 
attaohes  to  tha  modal  and  hss  an  arm  which  axtanda  horisontally  out  and 
la  parpandloular  to  tha  modal  axis.  Tho  an  expends  out  an  aqual  length 
on  each  side  of  tha  modal  axis.  The  arm  contains  two  machined  groovos, 
one  at  each  and.  Tha  grooves  a re  equally  spaced  from  tha  modal  axis 
(four  lnehea  from  tha  nodal  axle)  and  are  designed  to  allow  a  weight  pan 
at  each  grown.  Tha  load  necessary  to  give  tha  proper  rolling  moment 
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It  split  into  two  t  tot  loot.  Om  half  of  the  load  it  placed  on  etch 
pan.  Tho  charnel  it  than  balanced  tad  tbt  load  it  transferred  in 
inerttntt  frat  out  pan  to  tho  other  applying  positive  or  clockwise 
rolling  aoaant  (looking  foartard  from  tho  base).  All  of  tho  weights 
ara  txemsf  erred  and  than  tho  procedure  it  renrartad  and  all  of  tha 
vaightt  ara  taken  across,  still  in  lncreaants,  to  the  opposite  pan; 
thus  inparting  negative  rolling  noaent  to  tha  nodal.  After  all  of  the 
Heights  have  bean  transferred  to  tha  opposite  pan,  half  of  tha  load 
is  returned  to  tha  original  pan,  again  in  increments,  and  tha  original 
condition  of  equilibrium  is  reached.  Strain  indicator  readings  are 
taken  after  each  increment  of  load  transferred  throughout  tha  entire 
procedure.  A  linear  relationship  exists  between  tha  rolling  mosmnt 
applied  and  tha  strain  indicator  deflection,  expressed  by  the  aquation 

*  W  •(mshskt  asm)  -  (kt 


W  .  weight  (pounds) 


vheres 


aoaant  ara  a  distance  from  center  line  of  balance  to  weight 
pan  (inches) 


Kj  ■  ineb-pounds/dial  division 
To  determine  Kj  from  calibration, 

Kr  „  t.  (ftL 

/ n / 

where  >  n  a  number  of  1  no  recant  a  used 


<«U) 


A  rolling  aoaant  interaction  due  to  tho  application  of  a  noxml  or 
yew  load  can  usually  be  removed  electrically,  as  deecribed  in  paragraph  26, 
lovever,  it  la  not  always  possible  to  entirely  remove  the  interaction  by 
shunting)  it  than  baooass  necessary  to  calibrate  the  interaction  sad 
remove  its  effect  in  the  data  reduction.  A  derivation  of  tho  Interaction 
equations  and  their  application  follows; 


Derivation  of  Roll  Interaction  aquations 

32.  Physically  it  oan  be  said  that  tha  balance  axis  and  tha  roll 
axis  are  shaved  llnee  in  space.  In  evaluating  tho  interaction  of  a 
carnal  or  yaw  force  on  roll,  wo  deal  with  the  projections  of  the  roll 
axle  on  a  horlsontal  plana  which  paseee  through  tho  balance  axis.  Tha 
following  diagram  illustrates  this  concept. 
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X  axis  vertical  with 
plana  of  papar 


The  rolling 

as  ahovn  la 


«t  (H0)  obtained  at  station  Xi  by 

M#,  «  Kr(AHi)( 


fores  applied 


tharafara 


= 


Kr  (AH.;)i 

N 


(*«) 


Dm  mm  noraal  fores  (I)  applied  at  station  X2  will  yield 

M*.  =  Ny*  =  Ks-(Mje 
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Taking  the  raluea  «f  y*  and  yj obtained  at  stations  Xj.  and  Xg 
respectively,  and  plotting  then  in  the  X  Y  plane  yields: 


This  plot  will  fora  the  basis  from  which  the  interact  ion  Constanta  are 
determined. 

The  ease  where  there  is  a  rolling  noment  and  a  normal  force  acting 
on  a  body  can  be  illustrated  by  the  following  diagram. 


* 


Ttom  total  rolling  aonwnt  road  (ML)  oonaleta  of  the  true  rolling 
(ty)  Plua  an  interaction  sonant  (n^). 

M^t  *  M*  +  M+j 
Iron  tha  abort  diagram 


•  N- 


vhara 


~  ^  +  *»'(*'■  *  - 
vhara  n  ■  slopa  of  y,  X  ourva  • 


therefore, 


*►  /**(#••*-  x)J 


from  aquation  (10) 


Mg  ■  M (Xt.r  —  V) 


#  +  /**u  M-f  (W) 

daflalng  tha  quantltlea  in  aquation  (Ut)  by 

Md e  K/YaHa) 

(U9) 

and  a  tat  log  that  tha  total  reading  (AHr)  in  dial  dlrlalon  of  tha  rolling 
aonent  Mge  la  aada  up  of  tha  trua  rolling  sonant  eanponant  ( A  W*)  ami  the 


aonont  0tge  la  aada  up  of  tha  trua  rolling  aoaant  coaponent  ( A  «*)  and  the 
intaraotlen  component  ( AH*)  ylelda 


AHT  s  A Hy  +AH* 
AHr  «  AHT  - 


(50) 
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substituting  for  A  H,  yields 

£14  =  AHt  _  -  A  Hr  -  (N#  + 

'  *'  Kr 

KfC^Hr)  -  A/*  /ty-  -  /nu»‘  (51) 


In  coefficient  fora,  ve  have 


C*-£-S*d  r  K/(AHt)  -C N  ft'S  y.  -/nv^Ce^.s.J 


c*  -  '  c<*r) " 


✓nv/- 


(56) 


For  the  case  where  a  rolling  aoosnt  and  a  yaw  force  are  applied,  the 
reduction  equation  would  be, 


c*-£&~c'  (£)-— c» 

where  and  /rv  are  the  equivalent  of  M'  and /♦W  respectively,  but 
acting  in  the  X  2  plane.  For  the  noet  general  ease  where  noraal  force, 
yaw  force,  and  rolling  nonent  are  all  present,  the  complete  reduction 
equation  is 


Kj-(A  Hr) 

f'S’d 


c"(#)- c<4-) 


/T>V  Co  —  /'W  C 


(5*0 


■ore  sinply  stated 


=  'fy(AHr)  -  ■/*  C*  -  TY'Cr  -T*  c#  -7*  C* 


where 


**'rkr 


T“‘#  ; 

r*  s  ^  ]  T+s/yv 
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ttetli  mil  Ornntla  far  lain aa  Dafleatiaa 

3).  Aa  1—1  at— >»g—  talaaaa  laaurai  tta  laaii  act  lag  tar 
tAa  MflKttai  tta  Mi  lapoaa  aa  it.  tteae  MMM  —uea  aa 
liar— at  ta  tta  eagle  af  attaak  af  tta  aalal  ttlah  a—  be  takaa  late 
aaaat  la  tta  flaal  —  af  tta  4att.  Callbratlea  Aata  te  apply 
a  ^oc  aanraatlaa  la  4—4  tar  laa4lag  tta  aaAal  la  a  faaklaa  alallar 
ta  a  vital  ar  yaw  laai  aallkratlaa.  Kaawa  valuta  arc  applle4  at  4af  laal 
atatlaaa  alaag  tta  balaaee  aala.  tta  atatla  4afleetloa  af  tta  balaaee 
4ue  ta  aaah  liar— at  af  Iaa4  la  —ri  aptlaallp.  With  ttla  4ata. 

It  la  peealble  ta  eeapute  tta  ahaaga  la  aagla  af  attaak  4ae  ta  tta 
4aflaatlaa  af  tta  talaaaa  — ar  Iea4.  tta  feUeelag  4lagna  llluatrataa 
tta  gaaaatiy  af  tta  agtlaal  apparetua  uaa4. 


Far  aaaU  aaglaa  af  Aoc#  Bail  aai  A  4  a— rial— aa  tta  laagtt  af  tta 

A  ftr 

W  ^  I4R  a  milsllli 

AOC.^i  (97.3)  {4a— aa}  (36) 


la  ar4ar  far  tta  abate  aUgUDrlig  aeevaptlaae  ta  be  mU4,  tta  4lataaaa  D 
— t  ta  ait  la—  tea  feat,  ttla  «1U  alaa  liaraaaa  tta  raailag  ataunar 
aa  tta  aa— . 


A  flat  af 


a— lan  la—  U)  «1U  jrlaU  a  11— r 
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Lettlac  y  •  7^  and  apply  lac  *  Method  o f  laaat  equaree  fit  to  solve  for 
tho  slope  (J)  of  the  curve  shove  sad  the  canter  of  bond  Inc  (X0),vo  have 

X0  =  *****  -gfr-XXg 

/HZ  *  2.  «.  £  a  (57) 


J  «  ^  •***  -  <*  iV 

4v  '  2x^  —  2^>  Jx  (58) 

a  ■  mater  of  tens  la  array 
J  ■  conversion  ooaeteat  ( decrees /lxwlh) 

The  equation  for  aaCoan  bom  be  written  as 

AOC  >  T-N(*  -X.)  (») 


To  facilitate  direct  reduction  by  ON,  equation  (99)  Is  modified  la 
tho  follovlai  Banner 

40C  *  x  *(x  -7  -X.  ■#-  x) 


aoc  ■  jw(x  -  >r)  -  zr n(x.  -  t) 

y  (60) 

latX  -  Xe  -  and  uslac  the  relationship  expressed  la  equation  (10)  at* 
rewrltlac  la  oocff lolsnt  fora,  yields 

AoC  s  XCp  d  - -  %)  (6x) 

Mplogrlac  the  follow  lac  relationships  (derived  la  the  data  reduction, 
two  aoasnt  Method) 


3<d  LX«  "X|,| 

l-t  1 

1  ?S*  Lx.-x*  J 

(68) 

$s(x.  -XO 

J _ 

fr-s  (X.-X*) 

(63) 
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(61)  mi  beccnec 

"  mJrk,c*Ha^^} w 
fitfia lac  ecu  tk«  -X*  J 

ot  attack  la  the  n!Tui!f  /  ****olt  tha  pitch  ^  ^ 

«*ta  reduction,  aSTbUSSI. <*1**1*  *  ^  Wtlcn  (fiJufuJJd^J  Jf* 

QC  -  OCiw*,c*rM  •+  A.  qc 

0CiM»ic«rao  4  JL  •u,/au  \re  _ye*i 

dr  a  Jt 

^  V'/MilCATg)  4  4^ 


•juatlooa  (65)  **(66)  a*y  b.  , 

etated  la  th.  follow  foni( 

+C»C4  *>♦*,<-#,) 


$  *  fmntm  +Ef(AHt)  +  Of(fk»,) 

where* 

^oc  *0i-K(irj£1j^a7  n 

LX,  -Xt  J  j  ^  *  «3»»K,rx*—  y.n 

L  #*  —  X*  J 


_i 

E* “  '^‘K4GS=fif,j  j  Df  =  Jt*rjiLzA±.i 

nt*LM,  \/*  Lx»—  X*  J 

sf^ifcr  x/-.  «.«*««,.  waMto- 


©  -  denote  pitch 
^  -  denote  yaw  plane 


86 


Vi.  Tha  praootiag  unpila  hm  tmrlM  in  liUU  tat halgmt 
lirolni  la  tha  um  of  tha  latoraal  strala-pp  kLaw  ijrrta  ta  mw 
•tail*  foroM  aal  mmM  la  tha  >01  vial  tuaaala.  Tha  kin  —tin 
aaatloaat  bar*  la  vere  Its  Ipat  to  utUla*  strata  m  at  tha  Mat  lag 
alaaaats.  A  aakhtr  of  atv  tsaipa  for  latoraal  halmaoa  kart  kata 
profttti  aal  teat  of  km  art  am  la  tht  kriliptrt  ttagt.  Oat  of  tht 
iHlpt  halag  4mlop4  at  tht  prmaat  tlaa  la  aa  ontraaaly  mall  latoraal 
aalal  halaaoa  to  ho  mot  priaarlly  la  mall  U«*gng  attolt.  Kip 
ooasltlvlty  la  aohlovot  by  ualag  a  llaaar  llffarmtlal  trmtftnmr 
(gthaorlti  Coll)  aa  tht  atatlag  olaaaat.  This  particular  htltato  aottlta 
it  gttlgaai  to  aaaaurt  aalal  loaM  la  tht  raaga  fata  0.1  to  0.0  pomta 
with  aa  aeouraay  of  ♦  l  ptroaat.  Thla  ha  loam  aottlta  la  amllaBot 
aaroly  to  aorvo  to  aa  sample  of  tht  noth  la  progress  to  laprora  tho 
aoeuraoy  aal  ait  ml  tho  raaga  of  our  atatlo  loti  halaamo. 
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39.  Work  la  am  la  progroaa  to  tovslop  halaaom  kia  vlll  aaaauro 
tyaaals  loailag  m  a  aoiol  la  tho  vial  tuaaalj  speelf  lsally.  thla  laalutm 
aaaourlag  (a)  tho  Mapus  ftreoo  aotlag  m  a  aplmlag  natal.  (h)  aaaaurlag 
tho  tagging*  la-roll  toofflo loots  of  a  aplaaiag  aatol.  oat  (a)  aaaaurlag 
tho  taming- la>pltsh  oooff  loloata  of  a  pitching  aatol. 

36.  A  wakor  of  kpa  ha  1  moot  aat  ottoatmt  "trivaa”  lam  horn 
tovelopst.  aoaa  of  vhlah  art  oagahlo  of  Ohtalalag  feaa  aaaomoamaa  at 
largo  aagioa  of  attack  (to  to  90  tagram).  That#  halattoa  aaaawo  hath 
aaraal  aat  Ikpao  lootai  thar afore,  thagr  amt  ho  atoms  aaea#  ha  vtthotaat 
largo  aaraal  loata  aal  yat  ho  "aemltivo"  moup  to  amamo  tmll  Ikgma 
loot  a.  la  Boat  laotaaooa,  tho  aaraal  loata  aro  of  tha  art  or  of  30  to  100 
tlaco  tho  mpltiko  of  tho  Napm  loata.  A  inker  of  "trivaa"  aro  la  mo 
vhlah  apla  1  l/k  laoh  to  3  laah  tlaaator  aatola  at  vary  hi#  apoota. 
Hoetrla  aotoro  aro  mot  to  apla  actola  up  to  *9.000  r.p.a.i  air  turhlaoo 
aro  u aat  to  apla  aatola  up  to  60.000  r.p.a. 

37.  Tho  taaplag- la-roll  halaawo  ooa  ho  mot  to  ohtala  laaglag  la 
roll  aaaauraMBta  or  to  ohtala  tho  atahlliaat  roll  rate  of  a  alsollo  vlth 
fin  out.  Thla  halaaao  la  uallko  other  bt leasts  la  that  tha  atrala  gagaa 
rotate  vlth  tho  aatol.  Tho  atrala-gma  alpaTa  aro  traamlttot  frm  tho 
aatol  hy  aaaaa  of  "clip  rlaga."  At  proooat.  thla  halaaea  om  ho  mot  aaly 
at  vary  mall  aaglm  of  attaok  aat  at  apla  ratos  up  to  10.000  r.p.a. 

36.  Tho  taming- la-plteh  halaaao  vao  tsslpsi  to  Ohtala  topplag 
oooffloiaata  hy  tha  taagat  oaelUatlm  tashalgua.  Thla  halama  la  atlag 
aouatot  aat  am  ha  uaat  only  vlth  hlmt  haaat  hotlm.  Tha  halaaoa  aaotlm 
la  lamtat  laalta  tha  aatol.  Thla  halaaao  vaa  t palpal  to  allm  tha  aotol 
to  ho  lomtot  at  varlem  points  along  tho  mis  of  tho  halmooi  thuo 
•laulatlag  tlfforoat  ooator  of  gravity  laaatiaaa  vlth  roopoat  to  tho 
pivot  flaouro  of  tho  halaaoo.  Tho  iaotaatmuua  aagnlar  tlflootlm  of 
tho  aotol  lo  plokot  up  hy  amao  of  atrala  gagm  aarntal  at  tha  floswo 
point  (om  roformm  o).  Data  am  aim  ha  ohtalnot  hy  photographing  a 
aotol  aouatot  m  hall  hoorlap  ant  ouppartat  hy  a  vlra  rig.  loth 
act  hots  of  obtaining  tata  art  In  caafat  uaa. 
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39.  With  tho  lyaaaic  Mimn  humtiM  iWvi  tho  versatility  of 
th«  data  obtalaod  frea  vlad-tunaol  toot*  will  bo  greatly  onhaaeod  thereby 
aaklag  tho  vial  tuaaoi  o  aoro  uaoful  tool  vlth  vhicb  tho  aorodynaaic 
dooipior  ooa  obuia  tho  laforaatloe  ho  roqulroe. 


•ummy 

bo.  This  roport  hM  doaorlbed  tho  gonorol  iioip  ehorMtoriatieo 
•ad  tho  technique!  employed  la  obtaining  vied -tuaaoi  data  vlth  iatoraol  atrain- 
gago  balaiMoo.  Tho  data  roduetloe  equation*  derived  horoia  art  general 
aad  art  applicable  to  all  cantilever  balaaeoo  of  oyaaetrlcal  eroaa-aactloa 
vhioh  oaploy  tho  tvo-aoaont  aothod  la  obtaiaiac  aoraal  fore*  data. 
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FIG.  I  TYPICAL  PITCHING  MOMENT  AND  YAWNING  MOMENT 

MEASURING  SECTIONS 
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INDICATION  OF  UNBALANCE  BY  MEANS 
OF  A  SHUNTING  POTENTIOMETER 


INDICATION  OF  UNBALANCE  BY  MEANS 
OF  A  "BUCKING  VOLTAGE"  IN  SERIES 
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